INTRODUCTION
============

Norovirus (NoV) is the major cause of both sporadic cases and reported outbreaks of acute gastroenteritis worldwide, including in South Korea. Up to 93% of gastroenteritis outbreaks in developed countries are associated with NoV [@B001]. Each year, mortality due to NoV is estimated at 570-800 in the United States, with approximately \$777 million in health-care costs. [@B002] NoV is well known as a major agent of food- and waterborne disease outbreaks associated with acute gastroenteritis worldwide. Particularly, most of the food-catering facilities that use groundwater for preparing food have frequently reported food-poisoning caused by NoV in South Korea. NoV can infect persons of all ages, but predominantly affects young children and the elderly [@B003]. Symptoms of NoV include diarrhea, vomiting, nausea, stomach pain as well as fever, headache and body aches, though NoV infections can also be asymptomatic. Transmission of NoV occurs primarily via direct person-to-person contact, fecal-oral route, and consumption of contaminated food or water [@B004]. In addition, NoV has the following 5 characteristics. First, they have an extremely low infectious dose (18 to 1,000 viral particles). Second, viral shedding continues long after illness. Third, they have strong stability (0 to 60℃) in diverse food items and environmental water such as groundwater, recreational and drinking water. Fourth, long-term immunity is nonexistent due to the great diversity of NoV. Finally, the NoV genome mutates frequently by antigenic shifting and recombination. [@B005]. For these reasons, NoV have more rapid and extensive spread in closed settings such as hospitals, hotels, and schools.

A member of the *Caliciviridae* family, NoV has a positive sense, single-stranded RNA (7.6 kb). The viral RNA genome is divided into three open reading frames (ORFs): ORF1, ORF2, and ORF3. ORF1 encodes nonstructural proteins including N to C terminus proteins, p48, NTPase, 3C-like protease, and the highly conserved RNA-dependent RNA polymerase (RdRp). ORF2 encodes a major viral capsid protein VP1, which consists of a shell (S) domain and two protruding (P) domains [@B006], [@B007]. The P domain is further divided into P1 and P2 sub-domains ([Fig. 1](#F001){ref-type="fig"}). Because the P2 sub-domain is located on the surface of the capsid, it has the most hypervariable sequence and contains host-cell binding receptors such as histo-blood group antigens (HBGA) [@B008]. ORF3 encodes a minor capsid protein (VP2). A recombinant virus-like particles (VLPs)-based vaccine study exploiting the self-assembly property of the NoV VP1 protein was previously reported [@B009]. Recently, Katayama *et al.* reported that they established a reverse genetics system without a helper virus, which successfully produced progeny virus containing infectious genomic RNA [@B010].
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NoV can be divided into 6 genogroups (GI-GVI) and three human NoV genogroups (GI, GII, and GIV) [@B011]. Each of the NoV genogroups is further classified into several genotypes. GII is the predominant genogroup, accounting for over 70% of NoV Outbreaks. Among them, GII.4 has been the most frequently identified [@B012].

The NoV GII-4 variant appeared on a global scale recently. GII-4 variants are associated with global gastroenteritis pandemics, and viruses belonging to this genetic lineage account for \>80% of all NoV outbreaks [@B013], [@B014]. The frequent emergence of novel GII.4 variants is known to be due to rapid evolution and antigenic variation in response to herd immunity [@B015], [@B016]. Novel GII-4 variants appear almost every 2 years and their appearance is usually accompanied by a global epidemic associated with acute gastroenteritis. Recent GII-4 variants have been reported in the following order: Lordsdale 1996, Farmington Hills 2002, Hunter 2004, Yerseke 2006a, Den Haag 2006b, Apeldoorn 2007, New Orleans 2009 and, most recently, Sydney 2012. Particularly, two pandemic variants (New Orleans 2009 and, most recently, Sydney 2012) showed antigenic variation but also recombination at the ORF1/ORF2 region. Novel NoV recombinants have been identified in recent studies worldwide, including in South Korea.

Recombination of NoV is known to occur at the ORF1/ORF2 region and at the transcription start site for viral subgenomic RNA. Recombination also occurs at the ORF2/ORF3 region in GII-4 strains, albeit rarely. Recombination within the pandemic NoV GII-4 Lineage have even been reported in the United States, i.e. New Orleans 2009 (GII-4 2006a/GII-4 Apeldoorn 2008-like), Sydney 2012 (GII-4 Osaka 2007/GII-4 Apeldoorn 2008-like), and Japan 2008b (GII.4 Apeldoorn 2008/GII.4 2006b) in ORF1/ORF2 region [@B017]. Data from 2010 to 2013 showed that diverse inter- and intragenotype NoV recombinants were identified in South Africa. They were identified as GII-P21/GII-3, GII-P NA/GII-3, GII-P4 New Orleans 2009/GII-4 NA, GII-Pg/GII-1, GII-P16/GII-17, GII-Pe/GII-4 Osaka 2007, GII-P21/GII-2, GII-P4 New Orleans 2009/GII-4 Sydney 2012, GII-Pg/GII-12, GII-Pe/Sydney 2012, and GII-P7/GII-6 [@B018]. Data from 2010 to 2012 showed that novel recombinants, GII-P22/GII-5 and GII-21/GII-3, were identified in China [@B019].

In South Korea, NoV is well known as a major agent of acute gastroenteritis and food/ waterborne diseases. Annually, hundreds of outbreaks associated with food - waterborne diseases are reported by the national surveillance system [@B020]. Furthermore, studies on molecular epidemiology have gradually increased in South Korea since 2005. In this review, we described diverse studies focusing on the molecular epidemiology of NoV in South Korea.

HUMAN NoV INFECTIONS
====================

The large scale molecular epidemiology study of human NoVs in South Korea published in 2008 was the first ever reported. NoV infections were detected in 114 of 762 (15%) children with acute gastroenteritis at eight domestic hospitals in South Korea between November 2005 and November 2006. Twelve GI NoVs from a total of 114 NoVs were further classified into only one genotype, GI-6, accounting for 10.5% (12 of 114). The remaining 102 GII NoVs were classified into GII-2, GII-3, GII-4, GII-5, GII-6, and GII-8, accounting for 0.9% (1 of 114), 7.9% (9 of 114), 71.9% (82 of 114), 5.3% (6 of 114), 1.8% (2 of 114), and 0.9% (1 of 114), respectively. Among them, GII-4 was the most frequent genotype (71.9%) [@B021]. The molecular epidemiologies of human NoVs from regional units in South Korea have been steadily reported since 2008. Data from 2001 to 2005 showed that NoV accounted for 12.6% of 2,908 patients infected with a virus hospitalized with acute gastroenteritis in Gyeonggi province [@B022]. Between March 2008 and March 2011, NoV infections were detected in 710 of 7,002 (10.1%) children with acute gastroenteritis in Seoul. Of these, 27 of the 710 (3.8%) specimens were determined to belong to GI, and 683 of the 710 specimens belonged to GII. Ten GI genotypes (GI/1, GI/2, GI/3, GI/4, GI/5, GI/6, GI/7, GI/9, GI/12, and GI/13) and eight GII genotypes (GII/2, GII/3, GII/4, GII/8, GII/14, GII/15, GII/16, and GII/17) were identified. Among them, GII-4 was the most frequent genotype (74.5%) [@B023].

Data from 2007 to 2010 showed that NoV accounted for 13% of 11,219 patients infected with a virus hospitalized with acute gastroenteritis in 5 hospitals in 3 regions (Seoul, Gyeonggi province, Gangwon province). The positive rates of NoVs were 16.2%, 13.8%, and 9.9% in 2007, 2008, and 2009, respectively, demonstrating a declining trend annually [@B024]. It was presumed that the positive rate decline was associated with improved hygiene following the pandemic flu in 2009. More recent data has shown NoV-positive rates of 9.7% for children with acute diarrhea hospitalized at Iksan hospital in 2010-2011 [@B025].

SEASONALITY
===========

NoV infection is well known to occur mainly in the winter season. In South Korea, the seasonality of NoV peaked in December, March, and October between 2005 and 2006 ([Fig. 2](#F002){ref-type="fig"}). Data from 2007 to 2008 showed that the incidence of NoV was highest in November, followed by January and October [@B026]. Park *et al.* also reported similar results; the seasonality of NoV peaked in November between 2007 and 2010, with the exception of 2009 [@B024]. According to a recent study, the seasonality of NoV in South Korea between 2006 and 2013 peaked during the winter months, such as November to January ([Fig. 3](#F003){ref-type="fig"}).
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FOOD-BORNE OUTBREAK AND SPORADIC CASES
======================================

NoV is the leading cause of food-borne outbreaks worldwide [@B002], [@B020], [@B027]. These food-borne outbreaks are associated with consumption of food contaminated by NoV. Particularly, the occurrence of food-borne outbreaks in closed settings such as schools and cruise ships demonstrates the high attack rate [@B028]. Food-catering facilities have frequently reported food-poisoning caused by NoV in South Korea. An outbreak of gastroenteritis occurred in elementary schools in Incheon in 2008. 7.5% (117/1,560) of individuals who ate food from the school cafeteria were symptomatic cases. Statistical analyses results showed that consumption of cucumber-crown daisy salads, fresh cabbage mixes, dried radish salads and young radish kimchi were associated with illness. Sixty-four of 142 people who provided stool samples were positive for NoV (45%). The NoV genotypes in those individuals were all GII-4, except for 1 student. There was no evidence of infection from food or water consumption. Based on an epidemiological survey, Yu *et al.* concluded that food handlers previously infected with NoV may be an infection source for outbreaks [@B029].

According to a previous study by Yu *et al*, 3.4% (26/776) of asymptomatic food handlers were positive for NoV in elementary schools with no NoV outbreaks. The study revealed that the infection source for NoV outbreaks may be related to asymptomatic food handlers [@B030]. Jeong *et al.* also reported similar results. Between February 2009 and February 2010, 1.2% (66/6,441) of asymptomatic food handlers were positive for NoV in food catering facilities in South Korea. The genotypic distribution of the NoV strains was as follows: GII-12, GII-4, GII-2, GII-6, GII-11, GII-14, GI-1, and GI-12. The detection rate of asymptomatic infections in the winter and non-winter was 2.20% and 0.16%, respectively. The study also concluded that NoV infected but asymptomatic food handlers were an important transmission source [@B031]. These results showed that asymptomatic or symptomatic food handlers are closely related to NoV food borne outbreaks. According to a recent study, a successive outbreak of gastroenteritis was reported in two different schools. Statistical analyses showed that seasoned green seaweed with radishes was significantly associated with the illness. The green seaweed used by both schools came from the same company, located in Busan. The infection rate at the schools were 6.7% (60/936) and 5.4% (31/574), respectively. Phylogenetic analysis revealed that the NoV GII-6 genotype in both outbreaks was indistinguishable. Samples were obtained from the company that provided the green seaweed and the seawater used for washing was positive for NoV GII.4. However, there was no evidence of consumption of contaminated drinking water or cooking water in both schools. Hence, Park *et al.* suggested that only consumption of uncooked green seaweed could explain these NoV outbreaks [@B032].

WATER-BORNE OUTBREAK AND SPORADIC CASES
=======================================

Water-borne NoV outbreaks in South Korea were first reported in 2005. Ninety-seven out of 309 (31%) and 97 out of 207 (47%) students were affected by acute gastroenteritis during school excursions in 2004. Afterward, Kim *et al.* conducted an epidemiological and virological survey. Several NoV genotypes were isolated from clinical and environmental samples. Of these genotypes, one was identified in samples obtained from the students, food handlers, and from groundwater. Based on the results of the molecular epidemiological survey, the researchers concluded that the two outbreaks were caused by several NoV strains which were closely related with contaminated groundwater [@B033]. In January 2008, an outbreak of gastroenteritis caused by NoV-contaminated groundwater occurred in a waterpark in Sunngnam, Gyeonggi-do. Sixty-seven out of 216 (31.0%) students and teachers were affected by acute gastroenteritis. Statistical analyses showed that food items were not associated with the illness. NoV was detected in both clinical and groundwater samples from the waterpark. In nucleotide sequencing analysis, all the NoV GI from the clinical and groundwater samples were identified as the NoV GI-4 strain. Hence, Koh *et al.* concluded that the NoV outbreak was closely related to the contaminated groundwater [@B034].

Consecutive gastroenteritis outbreaks were reported at schools in 3 regions (Suwon, Yong-In, Gwang-Ju) within Gyeonggi-do in 2011. 451 out of 7,605 were symptomatic cases, for an infection rate of 5.9%. Among the 239 stool specimens collected from students and food handlers, 59 (24.7%) were confirmed as infected with NoVs using RT-PCR and nucleotide sequence analysis. All NoV genotypes were GI-3 except for 1 food handler, whose NoV genotype was GII-18. Epidemiological survey revealed that the kimchi used by 5 of the affected schools came from the same food-company. Groundwater close to the food-company and groundwater used for food manufacturing were positive for NoV GI. The sequence similarity between the specimens from patients and those from the groundwater samples was 100%. The study concluded that there should be extensive control and management of groundwater facilities and groundwater used for food manufacturing [@B035]. Data from 2012 showed that NoV accounted for 75.9% of 29 patients and 74.5% of 102 patients with acute gastroenteritis at 2 restaurants in Gyeonggi province, respectively. NoV was also detected in both clinical and environmental samples (Camp groundwater and Tap-water). Epidemiological surveys revealed that both outbreaks were closely related with consumption of meals prepared using groundwater or with drinking groundwater. NoVs identified in the two cases were GII-17 and GII-2, respectively. The sequence similarity between the specimens from clinical and groundwater samples was 96.6-100% [@B036].

NATIONWIDE SURVEY FOR NoV
=========================

Large scale food-borne outbreaks associated with NoVs occurred in school catering service facilities in South Korea in 2006. These outbreaks were suspected to be caused by NoV contaminated groundwater. Since then, extensive nationwide surveys have been conducted at facilities that use groundwater or raw-groundwater. In 2008, Lee *et al.* reported a nationwide study on NoV contamination in South Korean groundwater. In accordance with the seasonal pattern of NoV, groundwater samples from 300 sites were collected in the summer (June to August) and winter (October to December) from seven metropolitan areas along with the capital, and nine provinces in South Korea. NoV detection rates were 21.7% (65/300) in summer and 17.3% (52/300) in winter. Genetic analyses of the detected NoV showed that there were more varieties of NoV genotypes in the summer (GI-1, GI-2, GI-3, GI-4, GI-5, GI-6, GI-8 and GII-4 and GII-Yuri) than in winter (GI-1, GI-3, GI-4, GI-5 and GII-4 and GII-Yuri). Lee *at al.* concluded that this might be due to specific climate conditions in South Korea, such as torrential rains in the summer. Among the detected genotypes, GII-4 was the most frequent in both summer (44 detections, 58.7%) and winter (30 detections, 47.6%) [@B037].

Between 2009 and 2011, extensive nationwide surveys were conducted at school catering service facilities by the KFDA (Ministry of Food and Drug Safety). Kim and colleagues inspected the NoV contamination levels of groundwater treatment systems used in school catering service facilities located in South Korea in 2009. Among the 813 samples collected, seven (0.86%) were positive for NoVs. The 7 NoVs were classified into 3 genotypes: GI-6, GI-8, GII-3, and GII-4. A follow up study was performed after the 2009 study. According to the study by Lee *et al.*, among the 1,090 samples obtained, seven (0.64%) were positive for NoVs. The 7 NoVs were classified into 5 genotypes: GI-6, GII-ND, GII-3, GII-4, and GII-17. To explain the low detection rate at school catering service facilities, Lee *et al.* suggested that there are at least two possible reasons. 1) Steady management and preventative care of groundwater storage tanks. 2) The tested samples were not untreated groundwater, i.e. raw groundwater [@B038]. Data from 2013 showed that NoVs accounted for 0.05% of 1,200 groundwater samples near carcass burial sites in South Korea in 2010 [@B039].

EMERGENCE OF RECOMBINANT NoV STRAINS
====================================

Recombinant NoV strains were first reported in South Korea in 2010. Data from 2007 to 2008 showed that 10% of the 111 GII-4 strains were identified as recombinant (GII-4/GII-3 and GII-b/GII-16) in children hospitalized with acute gastroenteritis in Seoul [@B026]. In a follow up study, Han *et al.* revealed that non-GII-4 recombinant NoV strains such as GII-6/GII-7, GII-ND/GII-12, GII-b/GII-13, GII-6/GII-14, GII-b/16 co-circulated between 2008 and 2010 [@B040]. Recently, a GII-12/GII-13 recombinant strain was isolated from one child under 5 years of age who had gastroenteritis [@B041].

EMERGENCE OF NoV GII-4 VARIANTS
===============================

GII-4 variants have caused major NoV outbreaks worldwide since 1996. These GII-4 variant outbreaks include Lordsdale 1996, Farmington Hills 2002, Hunter 2004, Yerseke 2006a, Den Haag 2006b, Apeldoorn 2007, New Orleans 2009 and, most recently, Sydney 2012. A GII-4 variant was first reported in South Korea in 2010. Data from 2007 to 2008 showed that most of the GII-4 strains in Seoul and Jeju Island were identified as the GII-4 2006b variant, with 97.9-100% nucleotide identity [@B039], [@B042]. A follow up study has been performed since. Data from 2008 to 2010 revealed that a change in the GII-4 2006b variant yielded the 2008 variant [@B040]. Park *et al.* also reported that 3 GII-4 variants (2006b, 2008, 2010) co-circulated in Chungnam in Korea between 2008 and 2010 [@B043], [@B044]. Recently, a study on the annual prevalence of GII-4 variants between 2006 and 2013 was performed by Cho *et al.* They found that the GII.4-2006b variant predominated between 2006 and 2010 and persisted in other periods. The GII.4-2009 variant was first detected in January 2010 and was predominant in 2011-2012. However, it was rapidly displaced by the GII.4-2012 variant, which emerged in May 2012 and circulated substantially in 2012-2013 [@B045]. According to a recent study, GII-2006b variants were still co-circulating with 2012 variants in November 2012 and June 2013 in South Korea [@B046].

CONCLUSIONS
===========

NoV is the major cause of acute gastroenteritis related to food and waterborne outbreaks and sporadic cases appear worldwide including in South Korea. Economic losses caused by NoV outbreaks have been increasing annually in South Korea. In this review, we summarized studies that were based on nationwide surveillance and molecular epidemiological data of NoV outbreaks in South Korea. The results of the studies were similar to others reported worldwide such as the genotypic distribution and emergence of variant and novel recombinants. Public concerns regarding NoV have recently increased worldwide. Therefore, we suggest understanding the transmission route of NoV using molecular epidemiological surveys and intensive nationwide surveys conducted under diverse clinical and environmental situations. This review will provide information for vaccine development and prediction of new emerging variants of NoV by comparing molecular epidemiological studies from overseas countries with those in South Korea.
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